The interactions between chemokines and their receptors are crucial for differentiation and activation of inflammatory cells. CC chemokine ligand 11 (CCL11) binds to CCR3 and to CCR5 that in leporids underwent gene conversion with CCR2. Here, we genetically characterized CCL11 in lagomorphs (leporids and pikas). All lagomorphs have a potentially functional CCL11, and the Pygmy rabbit has a mutation in the stop codon that leads to a longer protein. Other mammals also have mutations at the stop codon that result in proteins with different lengths. By employing maximum likelihood methods, we observed that, in mammals, CCL11 exhibits both signatures of purifying and positive selection. Signatures of purifying selection were detected in sites important for receptor binding and activation. Of the three sites detected as under positive selection, two were located close to the stop codon. Our results suggest that CCL11 is functional in all lagomorphs, and that the signatures of purifying and positive selection in mammalian CCL11 probably reflect the protein's biological roles.
Introduction
CC chemokine ligand 11 (CCL11), also known as eotaxin-1, is a chemoattractant for eosinophils with an important role in allergic and parasitic inflammation. [1] [2] [3] First isolated in a guinea pig model of asthma, 4 this protein is located in the monocyte chemoattractant protein region of the CC cluster of several mammals, including human, mouse, rat, rabbit, horse and cow. 5, 6 In the European rabbit (Oryctolagus cuniculus) genome, CCL11 has been mapped to chromosome 19:23,739,202-23,742 ,061 on the forward strand, with an Ensembl gene designation of ENSOCU00000005935. CCL11 can exert its functions through the interaction between residues located in its extracellular loops and NH 2 -terminus and the N-terminus of two receptors, CCR3 and CCR5. [7] [8] [9] An extensive gene conversion in the CCR5 transmembrane domain has been reported for several species. [10] [11] [12] [13] [14] [15] In contrast, in some leporids, CCR5 suffered a dramatic change at the second extracellular loop, resulting from a gene conversion event with the paralogous CCR2. This alteration was confirmed in the European rabbit, Riverine rabbit (Bunolagus monticularis) and Amami rabbit (Pentalagus furnessi), but it was not observed in the Eastern cottontail (Sylvilagus floridanus) or in European and Iberian hares (Lepus europaeus and L. granatensis). 9, 11 In the other Lagomorpha family, Ochotonidae (pikas), this gene conversion is also absent. 16 The most likely evolutionary scenario that could explain this pattern is that the gene conversion event occurred in the ancestor of the Oryctolagus, Bunolagus and Pentalagus genera at $8 million yr ago, probably conferring some selective advantage, and thus became fixed in the ancestral population. 16 This CCR5 evolutionary pattern led to the study of the CCR5 ligands in lagomorphs. The study of CCL3, CCL4 and CCL5 revealed that these genes are all functional in leporids and showed evidence of strong purifying selection. 17 CCL14 is functional in the Leporidae family. In the Ochotonidae family, CCL14 is suffering a pseudogenization process with an intact gene in some species, while in others it is a pseudogene. In contrast, among the leporids, CCL8 is pseudogenized in the European rabbit and Riverine rabbit, but functional in Sylvilagus and Lepus. 18, 19 In chemokine receptors the sites located intracellularly or in the transmembrane domains are involved in signal transduction and dimerization. 20 Consequently, new nucleotide changes that lead to amino acid (aa) alterations tend to be quickly eliminated. In contrast, the aa residues localized in the extracellular domains are evolving under selective pressure resulting from ligand binding and pathogen interactions. Thus, in these regions, the proportion of non-synonymous nucleotide substitutions is expected to be significantly higher than synonymous substitutions. This pattern has been observed in chemokine receptors such as CCR2 and CCR3. 20 The interactions between chemokine ligands and their receptors suggest that the chemokine ligands might also exhibit signatures of positive and purifying selection. Here, we characterized CCL11 in lagomorphs and investigated the selective pressures that have been driving the evolution of this molecule in mammals. European brown hare. cDNA was synthesized using oligo(dT) as primers and SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The European rabbit and American pika sequences available in public databases were used for primer design. PCR amplification was performed with the Multiplex PCR Kit (Qiagen) according to the manufacturer's protocol ( Table 1) . Sequencing was performed on an ABI PRISM 310 Genetic Analyser (PE Applied Biosystems, Foster City, CA, USA) and PCR products were sequenced in both directions. Sequences were submitted to GenBank under the following accession numbers: KU987806-KU987816.
Materials and methods
Sequences were aligned using MUltiple Sequence Comparison by Log-Expectation (MUSCLE), available at http://www.ebi.ac.uk/. 21 The program PHASE, built into the software DnaSP, 22 was used to reconstruct the haplotype phases of the obtained sequences. Haplotypes were translated using BioEdit. 23 In order to identify which codons of CCL11 are under selection (purifying and positive), we estimated o, i.e, the ratio of non-synonymous (dN) to synonymous (dS) substitutions in CCL11 orthologs (final dataset of 68 sequences) by employing codon-based maximum likelihood (ML) methods available in the HYPHY package implemented in the DataMonkey webserver: 24, 25 Singlelikelihood ancestor counting (SLAC), fixed-effect likelihood (FEL), internal branch FEL (iFEL), random-effect likelihood (REL) and fast unconstrained Bayesian approximation (FUBAR). [25] [26] [27] For the first three methods, the P-value was set to 0.05; for FUBAR we used a P-value ! 0.95 and for REL we used a Bayes factor >95.
The best-fitting model for nucleotide substitution was determined by the automatic model selection tool available in the webserver. We further used the codon-based ML method (CODEML) implemented in PAML v4.4. 28 An unrooted neighbor-joining tree was constructed using MEGA6, 29 with P-distance as substitution model and the pairwise deletion option for gaps/missing data. The topology of the phylogenetic tree obtained follows the accepted mammalian phylogeny for the major groups. Two pairs of site-based models were compared: M1 (nearly neutral) vs. M2 (selection) and M7 (neutral, b) vs. M8 (selection, b and o), where M1 and M7 correspond to the null hypothesis and M2 and M8 to the alternative hypothesis by allowing positive selection. A likelihood ratio test with two degrees of freedom determined whether a selection model fit the data better than a neutral model. 30, 31 Codons under positive selection were identified by using a Bayes Empirical Bayes approach with probability > 95%. As done previously for other immunity genes, [32] [33] [34] [35] [36] [37] only the codons detected by more than one method were considered as being under selection.
The three-dimensional (3D) structure displaying the interaction of human CCL11 with CCR3 was downloaded from the Protein Data Bank in Europe (PDBeurope), available at http://www.ebi.ac.uk/pdbe/ entry/pdb/2MPM, and Discovery Studio 3.5 software (BIOVIA, San Diego, CA, USA) was used to map the sites under selection.
The secondary structures of human, European rabbit and Pygmy rabbit CCL11 were predicted by using PsiPred (http://bioinf.cs.ucl.ac.uk/psipred/). 38, 39 This software calculates the protein cysteines that create disulfide bonds by using position specific iterated BLAST to obtain evolutionary information that is used to predict the secondary structure of the query protein.
Results and discussion
We amplified and sequenced the CCL11 gene for six lagomorph species: both subspecies of European rabbit, European brown hare, Brush rabbit, Pygmy rabbit, Volcano rabbit and American pika. These sequences were further compared with CCL11 sequences available for other mammals, and some differences were observed ( Figure 1 ). Indeed, at position 40, where human has an Asn, all leporids have a deletion and the American pika has a Lys. There are also some aa changes that are only present in some lagomorph species: Val12 and Met43 in the European rabbit; Thr10 (Pygmy rabbit); His44 (Volcano, Pygmy and Brush rabbits and European brown hare); Phe70 (Volcano rabbit); and Met2, Ser5, Asn53, Leu66, Ser89 (American pika). In addition, we found a Met65 in all CCL11 sequences from the leporids amplified in this work, while the sequence from the European rabbit available in public databases (ENSOCUG00000005935) has an isoleucine. Additionally, and despite the identification of two different transcripts in the American pika sequence available online [XM_004593867.1 and XM_004593868.1 -deletion/insertion of two aa (Asp26 and Ser27, respectively)], we were only able to detect the first transcript. The listed aa alterations lead to changes in charge and polarity (Supplementary data 1) , which can induce modifications in protein structure and conformation, and even alter the protein functions. 40 Strikingly, within leporids, the Pygmy rabbit has a mutation in the stop codon leading to an extension of eight aa (Gln100-Asn107) resulting in a protein with 104 aa. This mutation was detected in three different individuals, confirming that this was not a PCR artifact. Other mammals also code for longer proteins, due to mutations in the stop codon (Figure 1 ), leading to CCL11 proteins ranging from 100 to 108 aa. The protein length is important for the 3D structure, and different sizes may imply different folding patterns, which may affect protein functions. 41 The implications of these mutations in the protein structure are unknown; however PsiPred results do not predict any differences in the secondary structure of these species when compared with humans. Disulfide bonds between cysteine residues are important for protein structure and function, being involved in an array of biological processes. [42] [43] [44] For CCL11, the cysteine residues and the predicted disulfide bonds are highly conserved between all the mammals studied (Cys34-Cys59 and Cys35-Cys75). However, some extra cysteines were detected: cattle, sheep, domestic goat and chiru have Cys17 and the lesser hedgehog tenrec has Cys18. In addition, most mammals, with the exception of primates, American pika, mouse, rat, spalax mole-rat and Chinese hamster, have an extra cysteine at position 9. Their location in the signal peptide suggests no role in establishing extra disulfide bonds. In contrast, the Baiji sequence has an extra cysteine at position 50 that can potentially establish a disulfide bond.
Chemokines exert important roles in the immune response. In order to maintain their conformation and biological role, chemokines are expected to have signatures of purifying selection; however, if we consider that these proteins are targets for several types of molecules (such as pathogens, drugs, receptors) it should be expected that chemokines also have signatures of positive selection. 20 The results obtained indicate that mammalian CCL11 has 21 codons negatively selected and three codons positively selected ( Table 2 ). CCL11 interacts with both CCR3 and CCR5 receptors, with CCR3 being the higher-affinity receptor. 45 The most crucial region for receptor binding and activation is the N-terminus preceding the disulfide bonds. The first 20 aa (following the signal peptide) and the N-loop located after the disulfide bonds are also described to be important for receptor binding. 9, [46] [47] [48] Thirteen of the 21 sites identified as under purifying selection are located in close vicinity to these regions ( Figure 1 ): Ala14, Leu22, Phe36, Leu48, Thr55, Cys59, Pro60, Ala63, Lys72, Cys75, Asp77, Lys81 and Val83. A similar pattern was observed for CCL3, CCL4 and CCL5 in leporids, where these CCR5 ligands have sites under purifying selection probably due to functional binding constraints. 17 Secretory proteins such as CCL11 only become functional after crossing the membrane and arriving to the appropriate cellular compartment and, consequently, being cleaved by signal peptidases. 49, 50 The signal peptide plays important roles in targeting and membrane insertion, and after being cleaved can also exert other functions such as protecting cells from being killed by other cells. [49] [50] [51] [52] Before cleavage, the signal peptide may have also important functions in protein folding and maturation. 52 Therefore, mutations in the signal peptide may interfere with such functions. Indeed, from the 23 aa that compose the CCL11 signal peptide, five were found to be under purifying selection, confirming the importance of their maintenance (Ser4, Ala6, Leu11, Ala14 and Leu22).
Signatures of positive selection in immune system genes tend to be associated with regions where the binding with other molecules occurs (proteins, receptors) and that can alter the proteins' activity and, consequently, their biological roles. [53] [54] [55] [56] For CCL11, these regions had not been described, but the aa changes observed as positively selected show different polarity and charge that can cause changes in the protein. In addition, two of the positively selected sites (Pro95 and Pro99) are located in close vicinity to the stop codon that is mutated in several mammalian species, leading to proteins with different sizes. As the CCL11 predicted secondary structures of Human and the European rabbit obtained in PsiPred were similar (data not shown), we used the human 3D structure available online (CCL11-CCR3 interaction) to locate the sites under selection (Figure 2 ). This confirmed their relevance for receptor binding. A previous study in lagomorphs identified one site under positive selection in chemokine ligand CCL5, 17 but this was located in the signal peptide that is cleaved in protein maturation.
Conclusions
This work describes the detection of codons under positive and purifying selection in CCL11. Purifying selection may result from the proteins' functional constraints, while an increase in diversity, probably as such mutations are advantageous in the host response against several agents, suggests positive selection. Our results identified 21 codons under purifying selection in sites located in regions important for ligand-receptor binding and activation, and in the signal peptide and three sites under positive selection near signal peptide and the stop codon. We observed that CCL11 is functional in lagomorphs, with Pygmy rabbit having a longer protein owing to a mutation in the stop codon. Further functional studies should evaluate the biological implications of this extension.
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The author(s) disclosed receipt of the following financial support for the research, authorship, and/or publication of this article: This work is funded by National Val83 Figure 2 . 3D structure of the CCL11-CCR3 complex. CCL11 appears in blue while CCR3 appears in dark gray. The purifying selected aa identified in this study and located near important sites for ligand-receptor binding and interaction are marked in yellow; the positively selected sites are highlighted in light gray.
